retinas that were previously presumed to have lost rod/rhodopsins (Simões et al., 2016) . 93
However, detailed characterizations of colubrid snake opsins and photoreceptors in the 94 context of the theory of evolutionary transmutation still remain rare. 95
To further test the hypothesis of widespread transmutation in colubrid snakes, and 96 its potential functional consequences, we examined the visual system of the Northern 97
The analyses were run for five million generations with a 25% burn-in. Convergence was 154 confirmed by checking that the standard deviations of split frequencies approached zero 155 and that there was no obvious trend in the log likelihood plot. 156 157
Protein expression 158
Full-length opsins sequences (RH1, SWS1, and LWS) were amplified from pJET1.2 159 vector using primers that added the BamHI and EcoRI restriction sites to its 5' and 3' 160 ends, respectively, and inserted into the p1D4-hrGFP II expression vector ( (2013)). The ultraviolet-visible absorption spectra of purified visual pigments were 172 recorded using a Cary 4000 double beam spectrophotometer (Agilent, Santa Clara, CA, 173 USA). Dark-light difference spectra were calculated by subtracting light-bleached 174 absorbance spectra from respective dark spectra. Pigments were photoexcited with light 175 from a fiber optic lamp (Dolan-Jenner, Boxborough, MA, USA) for 60 s at 25°C. 176
Absorbance spectra for acid bleach and hydroxylamine assays were measured following 177 incubation in hydrochloric acid (100mM) and hydroxylamine (NH 2 OH, 50mM), 178 respectively. To estimate λ max , the dark absorbance spectra were baseline corrected and 179 fit to Govardovskii templates for A1 visual pigments (Govardovskii et al., 2000) . 180
181
Immunohistochemistry 182
Fixation of pine snake eyes was conducted as previously described (Schott et al., 2016 After extensive rinsing and soaking in PDT (3 times for 15 minutes), secondary 201 antibody was added to the samples and incubated at 37º for one hour in a humidity 202 chamber. Secondary antibodies used for the fluorescent staining were the AlexaFluor-488 203
To determine the identities of the visual pigments in P. melanoleucus, eye cDNA and 215 gDNA was screened for opsin genes. Three full-length opsins were amplified, sequenced, 216 and analyzed phylogenetically with a set of representative vertebrate visual opsins (Table  217 S1) using Bayesian inference (MrBayes 3.0) (Ronquist and Huelsenbeck, 2003) . This 218 analysis confirmed the identity of the three opsin genes as RH1, LWS, and SWS1 ( . We also used these antibodies 255 on a CD1 mouse retina, following similar preparation, as a positive control. 256
Our results showed rhodopsin localized to the outer segments of select 257 photoreceptors of the P. melanoleucus retina (red, Fig 1D) , whereas the rod transducin 258 localized to the inner segment (green, Fig 1E) . The small amount of colocalization 259 between rhodopsin and transducin in the inner segment (yellow, Fig 1F) is expected as 260 the animal wasn't dark-adapted prior to sacrifice, as rod transducin translocates to the 261 inner segment when Expression of pine snake SWS1 showed a much more favorable 280nm to λ max 288 ratio ( Fig 2C) . We found that P. melanoleucus SWS1 pigment absorbs in the UV range 289 with a λ max of 370nm, similar to the SWS1 λ max of Lampropeltis getula, Rhinocheilus In order to confirm the covalent attachment of the chromophore in P. 300 melanoleucus SWS1 pigments, the purified opsin was acid bleached ( Fig 2C) . We found 301 a shift of the λ max from 370nm to 440nm, which indicates the presence of 11-cis retinal 302 covalently bound by a protonated Schiff base to a denatured opsin protein (Kito et al., 303 1968 ), suggesting that the UV sensitivity of the pigment may be established by only the 304 presence of F86. P. melanoleucus LWS ( Fig 3A) and RH1 ( Fig 3B) were tested for hydroxylamine 306 reactivity, which assesses the accessibility of the chromophore-binding pocket to attack 307 by small molecules. If hydroxylamine can enter the binding pocket, it will hydrolyze the 308 Schiff base linkage, resulting in an absorbance decrease of the dark peak and the increase 309 of a retinal oxime peak at 363nm. Rhodopsins are thought to be largely non-reactive in 310 the presence of hydroxylamine (Dartnall, 1968) ( Fig 3C) due to their highly structured 311 and tightly packed chromophore binding pockets relative to cone opsins, which often 312 react when incubated in hydroxylamine (van Hazel et al., 2013). P. melanoleucus LWS 313 reacted to hydroxylamine, as expected, with a t 1/2 of ~3.9 min ( Fig 3A) SWS1 is 370nm, it was not tested as we would not be able to distinguish the retinal 316 oxime peak from the λ max peak. Interestingly, P. melanoleucus rhodopsin also reacted to 317 hydroxylamine with a t 1/2 of ~14 min (Fig 3B) , unlike the bovine rhodopsin control that 318 did not react ( Fig 3C) . This implies that the chromophore binding pocket of P. of rod-to-cone transmutation in colubrid snakes remains somewhat sparse (Schott et al., 331 2016) . In order to demonstrate rod-to-cone transmutation in the retina, there needs to be 332 evidence of a functional rod machinery in a photoreceptor with some rod-like features in 333 a retina with appears, superficially, to consist of only cones. Certainly, the presence of 334 RH1 genes and MSP data suggests transmutation has occurred in several colubrid species further investigation is required in order to firmly state transmutation is present in the 337 retinas of these colubrid snakes as there are multiple alternate explanations possible (RH1 338 in the genome but not expressed, rhodopsin expressed but not functional, a cone cell co-339 opting rhodopsin etc). There is only one colubrid snake species for which cellular and 340 molecular evidence for transmutation has been reported, Thamnophis proximus (Schott et 341 al., 2016) . 342
This study provides strong evidence that supports the hypothesis that 343 photoreceptor transmutation has occurred in the retina of P. melanoleucus. As P. 344 melanoleucus is not closely related to snakes in the genus Thamnophis, this suggests that 345 transmutation may be widespread in colubrid snakes. However, the functional 346 significance of transmutation in colubrid snakes still has not been established. In geckos, 347 the advantage of cone-to-rod transmutation is more straightforward as these nocturnal 348 animals are most likely compensating for the loss of RH1 in their diurnal ancestor. We 349
propose that transmutation in colubrids may have occurred as an adaptation to diurnality 350 that provided P. melanoleucus with a cone-like rod photoreceptor that operates at brighter 351 light levels, perhaps as a compensation for the loss of the RH2 cone opsins. Our finding 352 of a highly blue-shifted rhodopsin with more cone-like functional properties, as indicated 353 by hydroxylamine reactivity, support this hypothesis. Results from this study suggest that transmutation is modifying the function of a 424 subset of photoreceptors in the retina of P. melanoleucus. These modifications may serve 425 to lower the sensitivity and signal amplification of the photoreceptor, supporting the 426 hypothesis of a more cone-like function. However, the type of signal these transmuted 427 rods send to the brain is still unknown. Rods and cones are known to have distinct ERG 428 responses, but T. sirtalis is the only colubrid snake with ERG measurements performed at a variety of light levels (Jacobs et al. , 1992) . However, this study did not record any 430 scotopic (rod) response, nor did it record any photopic response from the SWS1-type 431 photoreceptors, which suggests that the results of the study may be incomplete or that the 432 scotopic pathways in the colubrid eye have degraded. Indeed, in high scotopic and 433 mesopic light levels, mammalian rod photoreceptors can and do use cone pathways (Kolb 434 et al.) . The presence of rod bipolar cells and AII amacrine cells, both of which are 435 required in the rod-specific photoresponse pathway (Lamb, 2013), has never been 436 established in the colubrid retina.. 437
Transmutation may be an attempt to compensate for the loss of the RH2 cone 438 opsin and the lack of spectral overlap between the LWS and SWS1 pigment, such that the 439 rod photoreceptor may have evolved cone-like functionality such that it could participate 440 in colour vision. In addition to the molecular modifications to P. melanoleucus rhodopsin 441 and the physiological modifications to the rod cell, the extreme blue-shift of the RH1 442 λ max , which is quite rare for terrestrial rhodopsins, may itself be an adaptation for colour 443 vision, as a λ max of ~480 nm is in the range of typical RH2 pigments (Lamb, 2013) . 444
Pituophis melanoleucus, in comparison to the Thamnophis genera (Schott et al., 2016; 445 Sillman et al., 1997) , has a narrower overall range of spectral sensitivities. There could be 446 two possible reasons for this narrowing. It could be that this narrowing of the spectral 447 ranges is to facilitate spectral overlap as an adaptation in P. melanoleucus. Or the 448 narrowing of the spectral range may simply be due to phylogenetic history, as P. 449 melanoleucus LWS and SWS1 absorb at similar wavelengths to its closest relatives 450 (Simões et al., 2016) , which in turn could be an adaptation, but not one due to the specific 451 visual environment of P. melanoleucus. Trichromatic vision would be greatly 452 advantageous for a diurnal species (Ankel-Simons and Rasmussen, 2008; Heesy and 453 Ross, 2001), and perhaps sacrificing scotopic vision in order to achieve better mesopic 454 and photopic vision is possible, since other snake sensory systems adaptations, such as 455 chemoreception, could be sufficient in dim light environments (Drummond, 1985) . 456
However, currently there is a lack of behavioral studies investigating trichromatic colour 457 discrimination in colubrid snakes under mesopic light conditions. and LWS, possibly also trichromatic colour perception in mesopic light conditions. The 461 loss of RH1 in nocturnal geckos and the resulting transmutation of cone into rod 462 demonstrate that the visual system of squamates is capable of adapting to compensate for 463 previous functionality loss in different photoreceptor types. In colubrid snakes, and 464 possibly squamates in general, the rod/cone photoreceptor binary is not as distinct as it is 465
in other vertebrates and caution should be taken in classifying rod or cone photoreceptors 466 based on limited characterization. 467
In summary, we find that P. melanoleucus, like T. proximus, has an all-cone retina 468 derived through evolutionary transmutation of the rod photoreceptors. Furthermore, P. 469 melanoleucus rhodopsin is the first vertebrate rhodopsin to show hydroxylamine 470 reactivity similar to cone opsins. This study is also the first to demonstrate the functional 471 effects of transmutation in the retina of colubrid snakes. We suggest that transmutation in 472 colubrid snakes is an adaptation to diurnality and is compensating for the loss of 
